Seven experiments were carried out to test the relationship between the morphological assay for damage to schistosomula in vitro with toluidine blue and the loss of the ability of damaged organisms to mature in vivo. Schistosomula were prepared by penetration of rat skin and cultured for 12 to 38 h in the presence of various combinations of purified human eosinophils or neutrophils and heatinactivated human antischistosomular serum. Samples were scored for microscopically detectable damage, and the remaining organisms were injected intravenously into normal mice. These mice were perfused after 5.5 to 7 weeks, and the recovery of adult worms was determined. During recent years, several groups have shown that a variety of immune effector mechanisms are capable of damaging the young larvae (schistosomula) of Schistosoma mansoni in vitro (1-9, 11, 13-15, 17, 18, 21, 22, 24, 28, 29). Such experiments have three marked advantages in comparison with studies in experimental animals in vivo. First, they permit a precise identification and separation of the individual effector mechanisms. Second, they permit a more detailed analysis of the mode of action of each effector mechanism than would be possible in vivo, particularly of the functional properties that are required for the expression of cellmediated damage
Seven experiments were carried out to test the relationship between the morphological assay for damage to schistosomula in vitro with toluidine blue and the loss of the ability of damaged organisms to mature in vivo. Schistosomula were prepared by penetration of rat skin and cultured for 12 to 38 h in the presence of various combinations of purified human eosinophils or neutrophils and heatinactivated human antischistosomular serum. Samples were scored for microscopically detectable damage, and the remaining organisms were injected intravenously into normal mice. These mice were perfused after 5.5 to 7 weeks, and the recovery of adult worms was determined. After culture of schistosomula in medium alone, between 8.4 and 32.7% of injected organisms matured into adult worms. There was no significant difference in the capacity offreshly prepared and cultured schistosomula to mature in vivo. Schistosomula cultured with antibody alone showed no significant damage in vitro, and in only one of seven experiments was there a significant (35%) reduction compared with the medium controls in their capacity to mature in vivo. Schistosomula cultured with neutrophils alone or eosinophils alone showed no significant damage in vitro and no loss of viability in vivo. Schistosomula cultured with neutrophils and antibody showed a 28% reduction in recovery in one experiment but an increase in recovery (12 and 46%) in two other experiments. In contrast, schistosomula cultured with eosinophils and antibody showed evidence of both marked damage in vitro (22 to 93% dead organisms) and loss of viability in vivo (26 to 98% reduction in recovery) in all seven experiments. These findings justify the use of the toluidine blue morphological assay as an estimate of irreversible damage to schistosomula and confirm that human eosinophils and neutrophils differ markedly in their capacity to mediate antibody-dependent damage in vitro.
During recent years, several groups have shown that a variety of immune effector mechanisms are capable of damaging the young larvae (schistosomula) of Schistosoma mansoni in vitro (1-9, 11, 13-15, 17, 18, 21, 22, 24, 28, 29) . Such experiments have three marked advantages in comparison with studies in experimental animals in vivo. First, they permit a precise identification and separation of the individual effector mechanisms. Second, they permit a more detailed analysis of the mode of action of each effector mechanism than would be possible in vivo, particularly of the functional properties that are required for the expression of cellmediated damage (4, 5, 8, 9, 14, 15, 19, 22, 28) . Third, and perhaps most important, they allow the use of human materials (1-6, 12, 14, 15, 28, 29) and may therefore eventually be used for the study of immunity in humans.
Such experiments in vitro, however, also bear several intrinsic problems. The most important of these is that it is not possible to claim that any of the effector mechanisms identified in vitro is necessarily operative in vivo, nor that other host responses may not also be required for the expression of immunity (reviewed in reference 23). Moreover, on a more practical level, it is not easy to determine what constitutes irreversible and lethal damage to the target. This is especially true of multicellular and relatively large organisms such as schistosomula: even quite severe but localized damage could theoretically be repaired, and the organism might go on to mature in the normal way. In addition to this, different assays for damage may yield conflicting results: for example, the release of 5tCr from prelabeled schistosomula gives results which are not borne out by microscopic assays carried out under identical conditions (29) . It is therefore necessary to confirm, for any given assay, that the damage observed in vitro is indeed associated with a loss of the ability of the organism to mature in vivo.
Although it is accepted that rat neutrophils kill antibody-coated schistosomula in the presence of complement (13) , there is at the moment considerable controversy about the ability of human neutrophils to inflict antibody-dependent damage to schistosomula in vitro. We have consistently found that human eosinophils, but not human neutrophils, can damage schistosomula in the presence of heat-inactivated sera from infected patients (12, 29; A. E. Butterworth and A. Dessein, unpublished observations), whereas other groups have reported that human neutrophils can also inflict damage, which may be as marked as that mediated by eosinophils (1, 18) . One of several possible explanations for this discrepancy is that the particular microscopic assay that we use is not sensitive enough to detect a neutrophil-mediated effect, which may yet be sufficient to reduce the viability of the worms.
The aims of the present experiments were therefore to test whether the eosinophil-mediated damage detectable by the toluidine blue morphological assay in vitro was indeed associated with a reduced viability in vivo and to test whether neutrophils could exert an effect which was indetectable microscopically but which was sufficient to reduce the viability of the organisms.
MATERIALS AND METHODS
Life cycle of S. mansoni. A Puerto Rican strain of S. mansoni was routinely maintained by passage through outbred mice and Biomphalaria glabrata snails. Schistosomula were prepared by allowing cercariae to penetrate an isolated preparation of rat skin in vitro (11, 27) into Earle balanced salt solution containing 100 U of penicillin per ml, 100 ,ug of streptomycin per ml, 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 0.5% lactalbumin hydrolysate, and 10% heat-inactivated fetal calf serum (E-LAC-FCS). After penetration, the organisms were washed three times in E-LAC-FCS and three times in (bicarbonatefree) Eagle minimal essential medium supplemented with antibiotics and HEPES as above (MEM) and 10%
heat-inactivated fetal calf serum (MEM-FCS). They were resuspended finally in MEM-FCS at a concentration of 2,000 organisms per ml.
Mice. Mice of strains CF1 (outbred), A/J, CBA, and (C57BL/6 x A/J) Fl were purchased from Jackson Laboratory, Bar Harbor, Maine.
Antisera. Sera from patients with S. mansoni infection, either single or in pools, were used as a source of antischistosomular antibodies. Six different serum preparations were used in different experiments at final concentrations ranging from 1/2 to 1/15 ( Table 1 ). All sera were heat inactivated at 56°C for 1 h and had previously been tested for their ability to mediate microscopically detectable eosinophil-dependent damage to schistosomula in vitro.
Effector cells. Neutrophils and eosinophils were recovered from the blood of normal individuals by fractionation on metrizamide gradients (29 4. An alternative explanation for the poor recovery of control schistosomula could be that such organisms lost viability during culture, even though they were not visibly damaged in the microscopic assay. In two of the seven experiments, therefore, the capacity of freshly prepared and cultured schistosomula to mature in vivo was compared ( Table 3 ). The recovery of Recovery of organisms after culture with eosinophils alone or neutrophils alone. There was no evidence for direct, antibody-independent damage to schistosomula mediated by either eosinophils or neutrophils. In experiment 6, the recovery of organisms cultured with neutrophils alone was in fact significantly greater that than of the medium controls. A similar effect, although not reaching significant levels, was seen with both eosinophils and neutrophils in several other experiments, possibly suggesting a feeder effect of added cells in the absence of antibody, which enhances schistosomulum viability during culture.
Recovery of organisms after culture with eosinophils and antibody. In six of seven experiments, it was found that schistosomula cultured with eosinophils and antibody in vitro showed a significant or highly significant reduction in their capacity to mature into adult worms in vivo, in comparison with control organisms cultured with medium alone, antibody alone, or eosinophils alone. In the seventh experiment (experiment 2), the effector/target ratio was lower (Table 1), and the degree of damage detected in vitro was slight; nevertheless, the recovery of organisms cultured with eosinophils and antibody was significantly less in this experiment than that of organisms cultured with eosinophils alone or medium alone. The conclusion from these experiments was that the microscopically detectable damage to schistosomula that is induced by eosinophils and antibody in vitro was indeed associated with a loss of the capacity of such organisms to develop into adult worms in vivo.
Recovery of organisms after culture with neutrophils and antibody. Schistosomula cultured with neutrophils and antibody in four experiments underwent significantly less damage, as judged by their ability to mature in vivo, than organisms cultured with eosinophils and antibody. Antibody-dependent damage by human neutrophils was detected after reinjection in vivo in only one offour experiments (experiment 4) , and this effect, in comparison with antibody alone, was just significant at P < 0.05. In two experiments (experiments 6 and 7), the recovery of organisms cultured with neutrophils and antibody was slightly greater than that of organisms cultured with antibody alone, even when the serum used as a source of antibody was present in concentrations as high as 1/2. The conclusion from these experiments was that neutrophils had, in this assay, either very little or no capacity to damage schistosomula in the presence of antibody, as determined by the ability of cultured organisms to mature in vivo.
DISCUSSION
During culture in vitro, schistosomula are damaged by human eosinophils in the presence of antischistosomular antibodies (2, 14, 15, 29) . This damage can be detected by light-microscopic examination as a loss of motility, an increased opacity of the organism, and sometimes gross changes in shape or obvious lesions in the tegumental membrane. These changes are somewhat subjective, but it is also found that such damaged organisms take up toluidine blue, resulting in an intense and granular staining (29) .
In contrast, intact and motile organisms show no staining. This difference in staining properties of intact and damaged organisms is both reproducible and readily scored in an objective manner and has formed the basis of our microscopic assay. We have now found that the cell-mediated damage detectable by the toluidine blue morphological assay in vitro is associated with a reduced viability of the larvae in vivo. A small proportion of the eosinophil-damaged schistosomula have lost their capacity to mature in vivo but are not recorded as damaged in vitro: this shows that our microscopic in vitro assay identifies the late stages in the death of the organism. In contrast to the findings with eosinophils, the antibody-dependent effect of neutrophils in both the microscopic and the worm recovery assays is absent or marginal: in only one of four experi- VOL. 39, 1983 on January 11, 2018 by guest http://iai.asm.org/ Downloaded from ments was a significant effect observed, and in all experiments, the effect of eosinophils, tested under identical conditions, was markedly greater.
These findings may be compared with those of Kassis et al. (17) , who observed a 67% reduction in in vivo recovery of schistosomula cultured for 24 h with murine eosinophil-rich cell preparations and with immune mouse serum, in comparison with organisms cultured with eosinophils and normal mouse serum. Under the same conditions, the percentage of schistosomula showing microscopically detectable damage was 35% for the test preparations, in comparison with 8% for the normal mouse serum controls. In subsequent studies, Kazura et al. (18) reported that schistosomula incubated with human neutrophils, antibody, and complement for 24 h showed a 46% reduction in recovery in comparison with control organisms. This experiment is difficult to evaluate, however, since the recovery of organisms cultured with antibody and complement, antibody alone, or complement alone was not recorded.
Various anticipated problems were encountered during these experiments. First, the recovery of control organisms cultured with medium alone was low, ranging from 8 to 33%. These figures are comparable to those reported in the literature (17) (18) (19) (20) had shown that when large amounts of human plasma that were known to mediate leukocyte-dependent damage were transferred into normal mice, such mice failed to resist cercarial challenge. This suggested that murine effector mechanisms would fail to mediate damage to schistosomula in the presence of human antibodies. In only one of the seven experiments in the present study was a significant difference observed in the recovery of worms cultured with medium and those cultured with antibody; in the remaining six experiments, in which different human sera were used, there was no such effect.
A third possible event which could have led to erroneous results was that, during culture in vitro, the schistosomula might have acquired into their teguments macromolecules of human origin (26) ; these macromolecules might have been recognized by the recipient's immune response, with consequent death of the organism. Furthermore, schistosomula cultured with eosinophils and antibody (a process associated with extensive cell adherence) might acquire more macromolecules than schistosomula cultured with eosinophils alone, and this might lead to the appearance of an artificial "antibodydependent" effect of eosinophils. However, the finding that neutrophils showed a weak or, more usually, absent antibody-dependent effect militates against this argument. Neutrophils adhere to schistosomula in the presence of antibody during the early stages of culture in vitro (29) . Moreover, during this adherence, they fuse their membranes with the outer of the two schistosomulum membranes, an event which is likely to be associated with the transfer of neutrophil membrane antigens to the tegument of the schistosomulum (10) . Eosinophils, in contrast, fail to make such fusions, and instead deposit their granule contents onto the surface of the organism (10, 14, 15) . It is likely, therefore, that if the reduction in recovery of adult worms after culture with eosinophils and antibody had been due to acquisition of eosinophil antigens, then schistosomula cultured with neutrophils and antibody would have acquired neutrophil antigens to the same or greater extent and should therefore have been rejected in the same way.
In light of these comments, it seems reasonable to conclude that the eosinophil-mediated, antibody-dependent damage that is detected by microscopy reflects a true reduction in the viability of the organisms and that neutrophils did not significantly damage antibody-coated schistosomula in our in vitro culture assay. Other explanations must therefore be sought for the discrepancies between our results and those of other workers (1, 18) 
